We designed an optical add/drop multiplexer for orbital-angular-momentum (OAM)-multiplexed data links by taking advantage of the ring-shaped intensity profile of OAM beams. We demonstrated adding/dropping a single OAM beam from three multiplexed OAM beams using liquid-crystal-on-silicon-based diffraction optical elements. For multiplexed OAM beams carrying 100 Gbit∕s quadrature phase-shift-keying data, a power penalty of <2 dB is observed to achieve a bit-error rate of 2.0 × 10 −3 for each channel of the add/drop multiplexer.
Multiplexing different data channels together at a transmitter and demultiplexing them at a receiver has been widely used for decades to dramatically increase the capacity in optical communication systems. A typical example is the wavelength-division-multiplexing (WDM) technology in which data channels are carried on different wavelengths. More recently, significant enhancement in the usability of a multiuser network has been enabled by development of low-loss and reconfigurable optical add/drop multiplexers (ROADMs), where a single/multiple selected wavelength channel(s) could be dropped and/or added at a given network node [1, 2] . In general, ROADMs are quite useful in multichannel communication networks in which a user at an intermediate point wants to access a selected individual channel without disturbing the other channels [3] .
Recently, there have been advances in a type of multiplexing different from WDM, that being the combining of multiple, independent and spatially copropagating data channels, each on a different orbital-angular-momentum (OAM) beam (also known as vortex beam) [4] [5] [6] [7] [8] [9] . Specifically, each laser beam with a different OAM value is orthogonal to all other beams. Therefore, multiple OAM beams each carrying an independent data stream can be multiplexed together at a transmitter and demultiplexed at a receiver. Simultaneous propagation of multiple OAM modes on a single wavelength increases system capacity and spectral efficiency [8] [9] [10] .
To date, most demonstrations using multiple spatial OAM modes for optical communications have been relatively static point-to-point links, such that data on all modes were transmitted as a single unit from transmitter to receiver [8, 9] . Consequently, to follow the path of the WDM and spatial-division-multiplexing community [11] [12] [13] [14] , demonstrations of reconfigurable functions that can selectively manipulate OAM channels, such as selective switching and add/drop multiplexing, could be helpful to advance the usefulness of OAM modes in multiuser applications, as shown in Fig. 1 [15, 16] .
In this Letter, we demonstrate a ROADM for a communication link that includes three multiplexed OAM beams [17] . The ROADM is designed by taking advantage of the unique beam profile of OAM modes. Each OAM beam carries 100 Gbit∕s of quadrature phase-shift-keying (QPSK) data. The channel separation, switching, and recombining are implemented in free space using liquidcrystal-on-silicon (LCoS)-based diffraction optical elements (DOE), a technology commonly used in WDM ROADMs [1] [2] [3] . We program a spatial light modulator (SLM) to downconvert a selected OAM beam into a Gaussian beam, so that it is spatially separated from the other OAM beams. A specially designed grating is used to redirect the downconverted Gaussian beam away from the pass-through OAM beams. Simultaneously, another Gaussian beam carrying a new data stream is added. Then, all channels are upconverted back to their original OAM charges. The optical signal-to-noise ratio (OSNR) penalty from the add/drop operation for all channels at a bit-error rate (BER) of 2 × 10 −3 is <2 dB. Figure 2 depicts the principle of the OAM-based add/ drop multiplexing, which comprises three steps: (1) downconversion, (2) add/drop, and (3) upconversion. Each of the OAM beams (e.g., OAM with charges l l 1 , l 2 , and l 3 carrying data channels 1, 2, and 3, respectively) has a doughnut-like, ring-shaped intensity profile [4] . Therefore, multiplexing different OAM modes results in a group of concentric rings that are spatially colocated. A selected channel (e.g., OAM l 2 ) can be separated spatially by applying a spiral phase pattern with a charge of −l 2 to all beams. As a result, the OAM beam with l l 2 is downconverted to a OAM beam with l l 2 − l 2 0 (i.e., a Gaussian beam) (strictly speaking, the intensity distribution of the downconverted beam is a Gaussian beam plus several tailed rings [8] ), while all other channels remain as OAM beams with their charges modified by −l 2 (i.e., l 1 − l 2 and l 3 − l 2 for channels 1 and 3, respectively). In general, the majority power of the downconverted beam is located in the beam center. In contrast, OAM beams are ring-shaped, with a null point in the center. Consequently, the spatial extent of the downconverted beam is smaller than that of all other OAM beams, and the target channel can be separated spatially, provided that there is a large enough interval between the l value of each OAM beam. To accomplish the add/drop, the downconverted beams are reflected by a specially designed phase pattern that has different gratings in the center and in the outer ring region. These two regions are used to differentially reflect the Gaussian beam away from the other ringshaped, path-through OAM beams. Simultaneously, another Gaussian beam carrying a new data stream can be added to the pass-through OAM beams by taking advantage of the two different gratings, as shown in Fig. 2 . Following the selective manipulation, an upconversion process that is the inverse of the downconversion is applied to recover the charges of all OAM beams. Following our example, the upconversion is achieved by applying a spiral phase pattern with a charge of l 2 to the downconverted beams and the added beam charged with l 1 − l 2 , 0 and l 3 − l 2 , transforming them back (l 1 − l 2 l 2 l 1 , 0 l 2 l 2 , and l 3 − l 2 l 2 l 3 ) into their original states, as shown in Fig. 2(c) . Figure 3 shows details of the phase pattern design. The inner region (r < r 1 ) and the outer region (r > r 2 ) of the phase pattern are two different "blazed" phase gratings, which can be described as
where r is the distance from the center point of the SLM, x is an integer indicating the pixel position along the vertical axis, Δ is the pixel size of the SLM, d is the grating period, and mod is the modulus function. The inner circle (r < r 1 ) and outer region (r ≥ r 2 ) are used to diffract the dot beam (downconverted Gaussian beam) and circle beam (OAM beam), respectively. The blazed phase gratings in the two regions have different diffraction angles, thereby redirecting the downconverted beam to a different angle away from the pass-through OAM beam. There are three different light paths: path (1, 1 0 ), path (2, 2 0 ), and path (3, 3 0 ), corresponding to the pass-through channel, the dropped channel, and the added channel, respectively. Note that light path (1, 1 0 ) is diffracted by the outer region grating with a period of d, while light paths (2, 2 0 ) and (3, 3 0 ) are reflected by the inner region grating with an opposite blaze, as shown in Fig. 3(a) . According to the grating equation [17] , where
of the pass-through channels, the dropped channel, and the added channel, respectively. Accordingly, the incident angles of pass-through beams are the same as the beam to be dropped (α 1 α 2 ). To make sure that the added beam is collinear with the pass-through beams, the diffraction angle of the passthrough channel should be the same as that of the added beam (β 1 β 3 ) . Therefore, the incident angle of the added beam needs to satisfy Figure 3 (b) depicts the incident angle of the added beam as a function of the incident angle of the input beams for different grating periods. A smaller grating period generates a larger incident angle difference between the added beam and the input beams, while the minimum period is limited by the pixel size of the SLMs. Figure 4 shows the detailed experimental setup. A 1550 nm external cavity laser is modulated by two 50 Gbit∕s binary sequences using an I/Q modulator to generate a 100 Gbit∕s QPSK signal. The signal from the QPSK transmitter is divided into three copies, each of which is decorrelated by a ∼500 symbol delay using single-mode fibers (SMFs) with different lengths. The three channels are sent to three collimators, respectively, each of which converts the output of the SMF to a collimated Gaussian beam in free space. Then, they are fed to three LCoS-based SLMs (SLM1, 2, and 3) to generate three different OAM beams (l −5, 2, and 8), respectively. Note that we use three OAM beams with a charge spacing of >6 in order to reduce the spatial overlap between the downconverted beam and the other OAM beams. The SLMs each have a pixel size of 20 μm, and each pixel has an 8-bit quantified phase modulation resolution. Polarization controllers and a polarizer are used to maximize the diffraction efficiency of the SLM. These three OAM beams are multiplexed together using two beam splitters. The multiplexed OAM beams are taken as the inputs of the add/drop multiplexer.
The add/drop function block is achieved by using three other SLMs. SLM4, with a spiral phase pattern of −k, and SLM6, with a phase pattern of k, function as the downconverter and upconverter, respectively. (k −5, 2, and 8 is for adding/dropping the OAM beam with l −5, 2, and 8, respectively). SLM5 is loaded with the designed phase pattern, including two different regions, as shown in the inset of Fig. 4 . The grating parameters are optimized according to the size of the input beams. The radii of the inner region and outer region used here are 2.5 and 3.5 mm, respectively. Both gratings (inner and outer) have a period of 80 μm. The inner grating diffracts the dropped channel away from the passthrough channels so that it can be selectively collected by a collimator and coupled into the SMF for further detection. Another Gaussian beam with the same beam waist as the downconverted beam is launched onto the grating in the center area of SLM5 and is added to the pass-through beams after reflection by the grating. All channels are individually demultiplexed by SLM7 and detected by a coherent receiver to analyze the constellations and the BER. To reconfigurably add/drop a different OAM channel, we can change the pattern on SLM4 to downconvert a different channel and, accordingly, the pattern on SLM 6 for upconversion. The insets in Fig. 4 show the phase holograms on SLM4, SLM5 (bottom left), and SLM 6 (top right) for the add/drop operation. For example, to add/drop OAM 2, SLM4 is loaded with a phase pattern of −2 for downconversion and SLM6 is loaded with a spiral phase pattern of 2 for upconversion. The phase pattern on SLM5 is the same for adding/ dropping different OAM modes. Figure 5 (a) illustrates the camera-recorded images of OAM − 5, OAM 2, and OAM 8 and the image of three multiplexed OAM beams. First, we demonstrate the add/ drop of a channel carried on OAM 2. Figure 5(b) shows the images in each step of adding/dropping the channel carried by OAM 2. Figures 5(c1) and 5(c2) show the measured BER curves for the added/dropped channels on OAM 2 and pass-through channels on OAM-5 and OAM 8, respectively. The OSNR penalties at a BER of 2 × 10 −3 for the added and dropped channels on OAM 2 are ∼2 and ∼0.8 dB, respectively. The observed penalty for two pass-through channels is ∼1.5 dB. The penalties are mainly caused by the crosstalk among each channel, which could potentially be reduced by using more efficient SLMs with higher resolution. The penalty of the added channel is relatively higher than the other channels because part of the dropped beam, e.g., the tailed rings, spatially overlaps with the other OAM beams after downconversion. This part of energy (with an OAM charge of 0) is not dropped. In contrast, it remains with the other beams, and affects the channel carried on the added Gaussian beam the most because they have the same OAM charge (l 0). To show the reconfigurability of the scheme, we also demonstrate the add/drop of OAM − 5 and OAM 8 from the three multiplexed OAM beams by switching the phase hologram loaded on the SLMs accordingly. Figure 5(d) shows the recovered QPSK constellations of dropped and added channels. Figure 6 (a) shows the images at each step of adding/dropping OAM − 5 and the BER for all channels. Figure 6 (b) shows the results of adding/dropping OAM 8. A similar OSNR penalty is observed for the added/dropped channels and the pass-through channels. Potentially, the proposed scheme can deal with >3 multiplexed OAM beams and add/drop one of them at a time.
In this case, a larger power penalty may be observed due to the crosstalk from additional channels.
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